In this paper, we propose a new peak to average power ratio (PAPR) reduction technique by a hybrid algorithm based on a partial transmit sequence (PTS) and adaptive peak power reduction (APPR) methods. This technique is used in a system based on orthogonal frequency division multiplexing (OFDM). OFDM has orthogonally modulated sub-carriers which unexpectedly give large PAPR and tends to reduce the power efficiency of a RF amplifier.
Introduction
Orthogonal frequency division multiplexing (OFDM) has many well-known advantages such as robustness against frequency selective fading or narrowband interference, high bandwidth efficiency, and efficient implementation [1] . OFDM is mainly used in digital audio broadcasting (DAB), digital video broadcasting-terrestrial (DVB-T), mobile multimedia access communication (MMAC), IEEE 802.11a, IEEE 802.16, and IEEE 802.20. [1, 2] .
One major drawback of OFDM is large peak to average power ratio (PAPR). It causes nonlinear distortions after being amplified by a power amplifier. Several techniques to reduce PAPR have been proposed. These techniques are known as amplitude clipping [1, 2] , clipping and filtering [1, 2] , coding [1, 2] , tone reservation (TR) [2, 3] , tone injection (TI) [2, 3] , active constellation extension (ACE) [2, 3] , and multiple signal representation techniques, such as selected mapping (SLM) [2] and partial transmit sequence (PTS). [2, [4] [5] [6] [7] .
In the PTS approach, the input data block is partitioned into disjoint sub-blocks and transformed by IFFT. The sub-carriers in each sub-block are weighted by phase rotations. The phase rotations are selected so that the PAPR of the combined signal is minimized. In the adaptive peak power reduction (APPR) approach [8, 9] , the gain for modulation signals is adaptively controlled where the least mean square (LMS) errors between the modulation signal and the target signal of low PAPR are minimized. Among these conventional methods, PTS and APPR are considered as high efficient PAPR reduction methods with low out-of-band radiation.
In this paper, we propose a new PAPR reduction technique. This technique is based on a hybrid algorithm of the PTS and APPR methods. In the proposed method, for the first PAPR reduction, an input data block is partitioned into disjoint sub-blocks. The sub-carriers in each subblock are weighted by phase rotations. The modified input data are fed to the APPR process for the second PAPR reduction. The APPR method adaptively controls the gain based on minimum LMS error. It reduces modulation signals over a predefined range. Using these two methods at the same time, the high efficiency of PAPR reduction with lower out-of-band radiation can be obtained and high bit error rate (BER) property can simultaneously be realized.
The paper is organized as follows: in Section 2, we briefly review PAPR of an OFDM signal, nonlinear HPA, PTS method, APPR method, and power spectrum analysis. Section 3 explains the proposed method. Section 4 discusses the performance of the proposed method with simulation result, and Section 5 ends with concluding remarks.
2. OFDM Signal and PAPR Reduction

PAPR of an OFDM Signal
The definitions of N frequency domain signals in OFDM are {X n , n = 0, 1, 2, . . . , N − 1}. These N signals construct 1 OFDM block. A set of N sub-carriers, i.e. {f n , n = 0, 1, 2, . . . , N − 1}, is used for these signals in the OFDM. The N sub-carriers are chosen to be orthogonal, i.e., f n = nΔf in frequency domain where Δf = 1/N T and T is the OFDM time domain signal duration. The OFDM signal is expressed as:
The PAPR is defined by [3, 4] :
where E{·} denotes expectation. In some blocks of OFDM signals, large PAPR happens since the structure of the given symbols may cause this peak. High PAPR is a serious issue in RF analog circuits, particularly in a high power amplifier (HPA). Nonlinearity of HPA causes inter-carrier interferences (ICI) and thus out-of-band radiation. Accordingly, the BER performance is degraded.
Nonlinear HPA
A nonlinear HPA can be modelled as memory-less device. The complex input signal to the HPA is represented as [3, 10, 11] :
The complex output signal is thus expressed by:
where F [ρ] and Φ[ρ] represent the AM/AM and AM/PM conversion characteristics of the nonlinear amplifier, respectively. In this paper, the solid state power amplifiers (SSPA) model is used for our evaluation, as this model is suitable for our system. The input-output relationship of SSPA can be modelled as: Figure 1 . Characteristics of AM/AM conversion for a SSPA model.
The parameter P controls the smoothness of the transition from the linear region to the limiting of saturation region. Figure 1 shows the characteristics of AM/AM conversion for an SSPA model. The value of A 2 is defined as the input saturation power to the HPA model. The input back off (IBO) setting the operating point of the HPA model is defined by [3, 8] :
where E{|x| 2 } is the average of the input power to the HPA model.
Partial Transmit Sequence
In the PTS approach, the input data block is partitioned into disjoint sub-blocks. The sub-carriers in each sub-block are weighted by phase rotations. The phase rotations are selected so that the PAPR is minimized. At the receiver, the original data are recovered by applying inverse phase rotations. Block diagram of the PTS technique is shown in Fig. 2 . [5] [6] [7] . At the transmitter, an input data block {X n , n = 1, 2, 3, . . . , N} is defined as a vector:
The vector X is partitioned into M disjoint sets. It is represented by vectors {X m , m = 1, 2, 3, . . . , M}:
An IFFT is employed as: Applying phase rotations to sub-blocks allows the optimization of combining a weighted PTS. The combined sequence as:
where {b m , m = 1, 2, 3, . . . , M} is the weight of phase rotation for each sub-block. Choosing b m ∈ {±1, ±i}(W = 4) is widely used in conventional systems. We can set b 1 = 1 without loss of performance. Accordingly, to determine other weights, we need an exhaustive search for (M − 1) phase rotations. In this search, W M −1 sets of candidate vectors on phase rotations are prepared and one of them is selected as the optimum set of phase rotations. The PAPR can be minimized by an exhaustive search for an appropriate combination of each sub-block and its corresponding phase rotation.
At the receiver, in the frequency domain, we get:
The vector X is partitioned into M disjoint sets. It is represented by the vectors {X m , m = 1, 2, 3, . . . , M}:
Using the inverse phase rotation vectors {b * m , m = 1, 2, 3, . . . , M}, we can recover
Since only phase information is changed, no out-of-band radiation happens in this method. However, the efficiency of PAPR reduction is not enough.
Adaptive Peak Power Reduction
This method controls the peak level of the modulation signal. An adaptive algorithm reduces the amplitude of modulation signals over a predefined range. A block diagram of APPR scheme is shown in Fig. 3 . The value of x(i) is an OFDM signal and is considered an input of APPR. The |x(i)| is fed into the clipping module where the amplitude component |d(i)| is generated by: 
At the same time, |x(i)| goes to the module of "(·) 2 " and then is fed to a (Q + 1) stage FIR filter. The autocorrelation function of x(i) weighted by c(j) is calculated by:
The gain g(i)is calculated by (18) and multiplied by the complex modulation signal for reduction of the peak level of the signal:
The role of the weighting coefficient c(j) of FIR filter can also be confirmed by the amplitude signal and the variations of the gain g(i) at the time of peak reduction. In Fig. 4 , the amplitude signal and the gain variations in the peak reduction operation which is the same as the value (d th ) are illustrated when the Blackman-Harris window is given as the weight coefficient of the FIR filter: 
As shown in Fig. 4 , the amplitude signal after peak reduction by APPR method is smaller and the peak reduction is stronger for the 18 weight coefficients (Q = 18) than for the 36 weight coefficients. The corresponding gain is smaller when Q = 18 than Q = 36. Thus, the stronger peak reduction is obtained. However, the gain when Q = 36 is gradually changed compared with Q = 18, and thus the result of BER performance when Q = 36 performs better than weight Q = 18.
Power Spectrum Analysis
Let us consider the power spectrum outside the range of communication bandwidth. If we assume the following notations as:
a discrete time domain signal from OFDM, x (k) a discrete time domain signal from OFDM with the PTS/APPR/Proposed method, x (k) an analog time domain signal through A/D converter and low pass filter, and x (k) an analog time domain signal through nonlinear amplifier, then we can obtain the transmitter of an OFDM system with analog part shown in Fig. 5. From Fig. 5 , we get the following relation:
where A(x) and G(x) are nonlinear functions of x. When we consider the APPR method, A(x) and G(x) change the amplitude of the signal power spectrum. When the value of |x| increases, the output of their functions becomes saturated. This means that the dynamic range of x (k) becomes smaller than x(k) by A(x(k)) and also that of x (k) becomes smaller than x (k) by G(x (k)). When we consider the PTS method, the amplitude of the signal power spectrum is not changed by A(x).
The signals of x (k) and x(k) are discrete and thus they are band-limited into 0 − T [MHz] where T = 20 in case of the standard IEEE 802.11a. When we consider only power spectrum, we get x (k) = x(k) in case of no PAPR reduction and PTS reduction method. However, when we apply APPR and the proposed method, x (k) = x(k). For 122 the guard points of OFDM, no data are assigned to the upper band around T [MHz], and thus low power spectrum is given in that part. In IEEE 802.11a, the upper band of sub-carriers have no data. From the effect of A(x(k)) in case of APPR, its dynamic range becomes small. Finally, the role of the guard points is not sufficiently satisfied.
The signals of x (k) and x (k) are analog. If an ideal low pass filter is applied, they theoretically have no power spectrum over T [MHz] . However, because of the actual property of a low pass filter, the low energy of the power spectrum happens over T [MHz] . The out-of-range power spectrum increases relatively to the power spectrum within T [MHz] by the effect of G(x (k)). The effect of G(x (k)) is inevitable in both case of APPR and PTS. For no PAPR reduction and PTS, we can only consider G(x (k)) and for APPR, we should consider both of A(x(k)) and G(x (k)).
The Proposed Method
The new hybrid algorithm based on the PTS and APPR methods is proposed in this paper. Figure 6 shows the block diagram of the proposed method. Using this method, both the high PAPR reduction and the suppression of out-of-band radiation can be realized simultaneously. Its performance is higher than conventional methods.
First, a sequence of input data is rearranged using a PTS method. An input data block is partitioned into disjoint sub-blocks. The sub-carriers in each sub-block are weighted by phase rotations. As we can select many phase rotations for its weighting, many sets of weighted input data are obtained. Among them, the input data with minimum PAPR is selected after APPR is applied to OFDM signals.
If d th is determined small, low PAPR is obtained. The APPR with low d th means that even a small output signal from a transmitter is saturated by this threshold. In other words, the high efficiency of PAPR reduction can be realized with small d th . However, as the original signals of the transmitter are distorted in many parts, the OFDM signal is considerably distorted. It yields a large out-of-band radiation. 123 Figure 6 . Block diagram of the proposed method. Table 1 The Parameter Simulation 
Simulation Results and Discussions
To evaluate and compare the performance of the conventional APPR, PTS, and the proposed methods, some simulation results are shown. The parameters of this simulation are decided from the standard IEEE 802.11a . They are listed in Table 1 [12, 13] . The modulation signal |x(i)| in APPR is normalized to "1". The value of d th varies to 0.80 and 0.90. The total system is described in Fig. 7 .
PAPR Performance
Figures 8 and 9 illustrate the PAPR performance. The CCDF is defined as a complementary cumulative distribution function [2] . In Fig. 8 , the proposed method can reduce PAPR more than the conventional APPR and PTS by 4.15 dB and 0.65 dB as the maximum value, respectively. In Fig. 9 , the proposed method can reduce PAPR more than the conventional APPR and PTS by 4.27 dB and 0.49 dB, respectively. When the performance of the proposed method is considered, the maximum improvement is obtained in case of Q = 18 and d th = 0.80.
Bit Error Rate
Figures 10 and 11 show the BER of the proposed techniques. The definition of IBO is shown in (7) . It is also compared with APPR and PTS. The proposed method shows better BER than APPR since the proposed method reduces PAPR by using PTS, and thus the influence of an SSPA nonlinear model is reduced. Note that conventional PTS provides a positive result since the original signal is not distorted. When the number of filter coefficient (Q) is equal to 36, the BER performance is better than Q = 18.
Response of Spectrum Shape
Figures 12 and 13 show the PSD characteristics when SSPA model is used and the IBO is varied as 3 and 6 dB respectively. When IBO = 6 dB, the out-of-band radiation versus the power spectrum in the bandwidth can be reduced by 4-5 dB compared that IBO = 3 dB.
Conclusions
This paper has proposed a new PAPR reduction technique by the hybrid algorithm based on the PTS and APPR methods. First, input data is rearranged using a PTS method. An input data block is partitioned into disjoint sub-blocks. The sub-carriers in each sub-block are weighted by phase rotations. The minimum PAPR in PTS 124 is calculated and its corresponding phases are selected after APPR is applied. The proposed method can usually realize the optimum PAPR reduction with the suppression of out-of-band radiation. The parameters of the simulation are determined by the standard IEEE 802.11a. The simulation result shows that the proposed method has better PAPR performance and PSD than conventional APPR and PTS. Addition-125 Figure 12 . PSD of OFDM signal (IBO = 3 dB). ally, the BER of the proposed method are better than conventional APPR methods.
